Introduction
============

Plyometric training (PT) is a form of high-velocity training utilizing the stretch-shortening cycle in a rapid eccentric-concentric muscle action [@R10-2019-0136-0001] . PT is typically used to improve power output (force × velocity) in high-velocity movements, such as jumping [@R10-2019-0136-0001] [@R10-2019-0136-0002] [@R10-2019-0136-0003] . PT utilizing overload (OL) and overspeed (OS) has recently gained increased attention [@R10-2019-0136-0004] [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] [@R10-2019-0136-0008] . OL training involves adding additional load to an individual's body mass (BM) and therefore increasing the force component of the force-velocity curve, whereas OS focuses on the velocity component by reducing BM [@R10-2019-0136-0007] [@R10-2019-0136-0009] . Currently, understanding of the adaptations specific to each of these training modalities is limited.

Both OL and OS training have proven more effective than PT utilizing only BM for increasing jump height in participants with considerable experience with high-velocity movements [@R10-2019-0136-0004] [@R10-2019-0136-0008] [@R10-2019-0136-0010] [@R10-2019-0136-0011] . However, few studies have compared the effects of OL and OS [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] and these studies have been unable to identify differences in jump height between the OS and OL groups, possibly due to the small differences in applied loads between the groups [@R10-2019-0136-0006] . However, Markovic et al. [@R10-2019-0136-0007] speculated that OS training could be more effective for improving jump height, because only the OS group increased jump height more than the control group. Furthermore, Argus et al. [@R10-2019-0136-0005] found that OS jumps allowed for a higher peak power output than OL jumps.

Of the comparable studies examining the changes in explosive features following PT with OS or OL [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] , only Markovic et al. [@R10-2019-0136-0006] included testing of jumps both utilizing the stretch-shortening cycle (counter-movement jumps (CMJ)) and jumps consisting only of a concentric phase (squat jumps (SJ)). The authors reported similar improvements in both jump conditions following both OS and OL training, but the improved CMJ height was not comparable with the changes in power output (force×velocity). Thus, the authors speculated that changes in the movement pattern during the CMJ could confound the relationship between jump height and the recorded force and velocity. In order to examine the potential changes in velocity following PT, concentric testing may be better suited.

Although improvements in explosive parameters have been achieved following OS and OL training ranging from±0.3 BM, whether OS or OL training can yield the greatest improvements in jump height and lifting velocity is still uncertain [@R10-2019-0136-0004] [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] [@R10-2019-0136-0010] [@R10-2019-0136-0011] . Furthermore, comparable studies have implemented only vertical bilateral jumps [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] . Implementing larger loads and a variety of exercises could possibly cause different outcomes. The aim of the present study was, therefore, to compare the effects of a PT program with larger differences in OS and OL using several exercises (bilateral, unilateral, and horizontal jumps), SJ height, and lifting velocity in resistance-trained females without PT experience. Measures of muscle thickness (MT) of the vastus lateralis were also included to help explain the results. Based on previous findings [@R10-2019-0136-0005] [@R10-2019-0136-0007] , the present study hypothesized that both groups would produce increased SJ height and lifting velocity, but that the OS group would improve more than the OL group. As a result of the additional load, the OL group was expected to increase MT more than the OS group.

Materials and Methods
=====================

Participants
------------

For this study, 56 resistance-trained female students aged 19--26 years volunteered to participate ( [Table 1](#TB10-2019-0136-0001){ref-type="table"} ). All eligible volunteers had no illnesses or injuries and had no previous experience with PT in the last six months. After pre-testing, the participants were randomly assigned to one of the following three groups: OS (n=18), OL (n=18), or control (CON; n=16). Due to (1) injuries not related to the intervention, (2) failure to attend the required number of training sessions (≥16 of 20), or (3) personal reasons, four participants were excluded from further analyses ( [Fig. 1](#FI10-2019-0136-0001){ref-type="fig"} ). All participants were informed about the study orally and in writing and signed an informed consent form prior to data collection. The present procedures were performed in accordance with the Declaration of Helsinki and approved by the Norwegian Centre for Research Data (56489/3/HJT). The research was also conducted ethically according to international standards as described for the International Journal of Sports Medicine [@R10-2019-0136-0012] .
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###### 

**Table 1** Anthropometric characteristics and weekly activity level of the study population.

        Age (years)   Height (cm)   Body mass (kg)   Leg strength training (h)   Endurance training (h)   Other training (h)
  ----- ------------- ------------- ---------------- --------------------------- ------------------------ --------------------
  CON   21.3 (1.8)    169.7 (5.3)   69.4 (8.3)\*     1.5 (1.2)                   2.9 (3.7)                3.8 (5.5)
  OS    21.3 (1.3)    167.3 (6.8)   62.0 (6.8)       1.3 (1.3)                   1.3 (1.3)                2.4 (2.8)
  OL    20.9 (1.8)    167.0 (5.3)   64.3 (7.3)       0.8 (1.4)                   2.2 (2.0)                3.2 (3.4)

Results are given as mean (SD). h=hours. \*=Significantly different from OS ( *p\<* 0.05).

Experimental design
-------------------

A randomized controlled trial with two training groups and one control group was performed to examine the possible effects on SJ height, V ~avg~ and V ~peak~ after 20 sessions of PT with OS or OL over eight weeks. The recorded change scores for average SJ height (V ~avg~ ), peak lifting velocity (V ~peak~ ), and muscle thickness (MT) of the lower limb muscles were used in the analyses.

Procedures
----------

The tests were performed on two separate days. Anthropometric measurements were conducted on the first day, and physical tests were conducted on the second day. All participants performed the jump test before the lifting velocity measurements. Because the study population had resistance training experience, no familiarization session was performed. Instead, several attempts were given to ensure the highest possible performance in each test. The participants agreed to abstain from leg training 48 h before testing. The participants were also instructed to not alter their normal activities during the intervention period (controlled via a questionnaire pre- and post-intervention).

Measurements
------------

Ultrasound imaging (LogicScan 128EXT-1Z; Telemed, Vilnius, Lithuania) was used to measure the thickness of the vastus lateralis muscle on the dominant side. Measurements were taken with the participants in a relaxed and supine position with a bolster under the knee creating an approximately 170° knee joint angle (180° = full extension). The measurements for all participants were taken midway between the lateral condyle and the greater trochanter of the femur [@R10-2019-0136-0013] . The distance between the anatomical landmarks was recorded to ensure reliability from pre- to post-test. MT was measured (in mm) between the superficial and deep connective tissue using the software EchoWaveII (Telemed). Five images were taken [@R10-2019-0136-0014] , and the mean value of the three middlemost measurements was used in the analyses (CV=1.16--1.19%).

A standardized warm-up consisting of five CMJ and five SJ was performed before jump testing. Following three minutes rest, SJ height was determined using a force plate (Ergotest Innovation A/S, Porsgrunn, Norway), which was calibrated in accordance with the manufacturer's specifications before testing. SJ were carried out from a 90° knee angle with the hands fixed at the hip [@R10-2019-0136-0006] . Jump height was determined by the relative impulse created prior to take-off [@R10-2019-0136-0015] . The participants performed at least three jumps, but if the last jump was the highest, testing continued until a reduction in performance was observed (CV=5.98--7.61%). The investigators considered an attempt successful if participants' hands remained in contact with the hip throughout the jump, whereas the MuscleLab software (v.10.4.37.4073, Ergotest Innovation A/S) automatically omitted an attempt if any countermovement was detected before the concentric phase. A rest period of at least one minute was given between each attempt, and the best result was used in the analyses [@R10-2019-0136-0006] .

Lifting velocity was measured approximately five minutes after the jump test with no further warm-up. Measures were taken during single repetitions of concentric back-squats with increasing loads. This test was carried out on a Smith machine (Pivot680L; Pivot Fitness, Tianjin, China) to eliminate the stretch-shortening cycle and reduce the technical demands [@R10-2019-0136-0016] . The barbell height was adjusted so each participant started from a 90° knee angle. The individual barbell height and foot placement were identical at pre- and post-test. The participants performed one single repetition at 40% BM with maximal effort and rested one minute before the load was increased to 60% BM. Each participant performed three lifts (40, 60, and 80% BM). The peak (V ~peak~ ) and average velocity (V ~avg~ ) were measured via a linear encoder (Ergotest Innovation A/S), and registered by the MuscleLab software (v.10.4.37.4073; Ergotest Innovation A/S).

Training
--------

Elastic rubber bands were used to pull participants upward (OS) or downward (OL), thus mimicking a decrease or an increase in BM without altering body inertia [@R10-2019-0136-0017] . The applied loading (OL) or unloading (OS) was of equal magnitude, but in opposite directions for the training groups. The bands were anchored either above (OS) or below (OL) the participants via static chains ( [Fig. 2](#FI10-2019-0136-0002){ref-type="fig"} ) and each participant was given one specific link (based on body height) where the bands should be attached, thus generating the desired load. For the broad jumps, lines were drawn on the floor to indicate where the participants should stand to achieve the planned OS or OL. In the vertical jumps, the bands were attached under the arms through a sling-type harness for the OS group ( [Figs. 2a--c](#FI10-2019-0136-0002){ref-type="fig"} ) and at the waist through a modified climbing harness for the OL group ( [Figs. 2d--f](#FI10-2019-0136-0002){ref-type="fig"} ). For the broad jumps, the bands were placed around the waist.
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On two occasions during the intervention period (weeks 1 and 5), the maximal force applied by the elastic bands (the mean value of five consecutive jumps) was measured for each participant to ensure that the load (N) was in accordance with the planned training volume ( [Table 2](#TB10-2019-0136-0002){ref-type="table"} ). This was done by replacing a portion of the loading apparatus with a force sensor (Ergotest Innovation A/S) while the participants performed one set. The measurements were taken in the lowest squat position for the OS group and right before the feet left the ground for the OL group, using the linear encoder and force sensor synchronized with the MuscleLab system (see www.ergotest.com for additional information). For the OL group, the take-off moment was identified prior to the measurement. The force data were then collected at that point in the movement. The reported band force is the mean of five consecutive jumps. The applied load for the broad jump exercise was not measured in vivo, but was adjusted to yield the same OS or OL in the take-off phase as the one-legged jumps (100--150N).

###### 

**Table 2** Maximal force (N) exerted by the elastic bands during the one- and two-legged CMJ.

                        One-legged CMJ   Two-legged CMJ               
  --------------------- ---------------- ---------------- ----------- ------------
  Sessions 1--10 (N)    −102 (10)        100 (7)          −217 (18)   199 (8)\*
  Sessions 11--20 (N)   −153 (10)        152 (5)          −318 (20)   298 (10)\*

Results are given as mean (SD). N=newton. \*=Significantly different from OS (p\<0.05).

The PT was performed two to three times per week over an eight-week period (20 sessions). Participants had to attend ≥80% of the sessions to be included in the analyses and a mean attendance of 93.5% was reached. Every session was supervised to ensure the highest possible effort and correct execution of the exercises. Before each session, a standardized warm-up procedure was performed. The warm-up consisted of two sets of 10 BM squats followed by two sets of five CMJs with no external load [@R10-2019-0136-0005] . Each training session consisted of three exercises: two-legged CMJs, one-legged CMJs, and broad jumps. The volume throughout the intervention is presented in [Table 3](#TB10-2019-0136-0003){ref-type="table"} . All jumps within one set were performed consecutively without pause and at a 90° knee angle in the bottom position in both conditions. For the broad jumps, participants immediately moved back to the starting position after landing to perform the next horizontal CMJ, thus ensuring identical band resistance in all jumps with minimal pause between jumps. The participants were given three minutes to rest between each set [@R10-2019-0136-0005] . The control group did not participate in the training and were asked to continue their normal activities but to avoid systematic jump training.

###### 

**Table 3** Progression in volume throughout the training period.

  Week   Sets per exercise   Jumps per set   Number of exercises   Weekly sessions   Jumps per session   Jumps per week
  ------ ------------------- --------------- --------------------- ----------------- ------------------- ----------------
  1--2   4                   5               3                     2                 60                  120
  3--4   5                   5               3                     3                 75                  225
  5--6   4                   5               3                     2                 60                  120
  7--8   5                   5               3                     3                 75                  225

Statistical analyses
--------------------

Statistical analyses were performed using SPSS v.25 (SPSS Inc., Chicago, Illinois, USA). Because SJ height at pre-test demonstrated deviations from normality (Kolmogorov-Smirnov test, p=0.013), all data were log-transformed to reduce non-uniformity bias. Following log transformation, the data were normally distributed (p=0.095--0.200). The effects were then back-transformed to percent changes. A mixed-model analysis of variance (3 groups × 2 measuring times) was used to examine the differences in the measured variables. When significant interactions of main effects were found, Bonferroni post hoc tests were used to determine where the differences lay. Statistical significance was accepted at p≤0.05. The data are presented as means with standard deviations (SD) and Cohen's d effect size (ES). The ES was classified as follows: trivial,\<0.2; small, 0.2--0.5; medium, 0.5--0.8; and large,\>0.8 [@R10-2019-0136-0018] .

Results
=======

Except for the difference in BM between the OS and CON groups (p=0.006), the three groups were homogenous at baseline (p = 0.138--0.613). As BM varied at pre-test, all values were analyzed both relative to BM and as absolute values. Because the results were identical, only absolute values are presented herein.

SJ height demonstrated no group × time interaction (F=2.433, p=0.098) or main effect of group (F=1.475, p=0.239), but a significant main effect of time was observed (F=30.606, p\<0.001).

A group x time interaction was found for both velocity measures at all loads (F=3.733--7.167, p\<0.000--0.031) except for V ~peak~ in the 80% BM condition (F=1.035, p=0.363). No differences between the groups were found in either measure in any of the conditions (p=0.416--1.000; [Table 4](#TB10-2019-0136-0004){ref-type="table"} ).

###### 

**Table 4** Pre- and post-test values for peak (V ~peak~ ) and average (V ~avg~ ) velocity (m\*s ^−1^ ) during concentric back squats in the 40, 60 and 80% of body mass conditions. The results are presented with the relative change (%) and Cohen's *d* effect size with their respective p-values.

                             Pre- test       Post- test      Percent change   Effect size   p value
  -------------------------- --------------- --------------- ---------------- ------------- ---------
  **V** ~**avg**~ **40%**                                                                   
  CON                        0.769 (0.184)   0.846 (0.153)   13.55 (23.54)    0.46          0.062
  OS                         0.806 (0.138)   0.877 (0.125)   10.13 (12.28)    0.55          0.002
  OL                         0.751 (0.118)   0.946 (0.082)   28.84 (23.34)    1.95          \<0.001
  **V** ~**peak**~ **40%**                                                                  
  CON                        1.577 (0.379)   1.657 (0.287)   9.18 (25.29)     0.24          0.432
  OS                         1.585 (0.312)   1.713 (0.261)   10.04 (15.46)    0.45          0.030
  OL                         1.511 (0.253)   1.866 (0.197)   26.50 (23.20)    1.58          \<0.001
  **V** ~**avg**~ **60%**                                                                   
  CON                        0.687 (0.183)   0.739 (0.144)   11.91 (25.34)    0.32          0.288
  OS                         0.712 (0.150)   0.771 (0.142)   9.50 (12.86)     0.40          0.012
  OL                         0.676 (0.100)   0.808 (0.088)   20.62 (9.95)     1.41          \<0.001
  **V** ~**peak**~ **60%**                                                                  
  CON                        1.436 (0.379)   1.493 (0.261)   10.34 (32.59)    0.18          0.980
  OS                         1.401 (0.317)   1.513 (0.297)   9.65 (14.42)     0.36          0.038
  OL                         1.344 (0.363)   1.666 (0.180)   33.37 (42.35)    1.18          \<0.001
  **V** ~**avg**~ **80%**                                                                   
  CON                        0.584 (0.153)   0.642 (0.152)   12.47 (19.23)    0.38          0.082
  OS                         0.608 (0.156)   0.681 (0.121)   14.47 (12.51)    0.52          \<0.001
  OL                         0.578 (0.125)   0.701 (0.112)   23.13 (13.42)    1.03          \<0.001
  **V** ~**peak**~ **80%**                                                                  
  CON                        1.167 (0.230)   1.343 (0.271)   21.55 (41.94)    --            n.s.
  OS                         1.258 (0.271)   1.367 (0.230)   9.84 (9.70)      --            n.s.
  OL                         1.272 (0.237)   1.481 (0.225)   18.05 (14.70)    --            n.s.

n.s. indicates a non-significant interaction.

A significant group × time interaction (F=4.421, p=0.017) was observed for MT. The OS and OL groups increased MT (7.08±6.22%, ES=0.53, p=0.012 and 8.82±6.32%, ES=0.86, p\<0.001), whereas MT remained unchanged in the CON group (1.55±6.22%, ES=0.12, p=0.778). Still, post hoc tests showed no differences between the groups (p=0.720--1.000).

Discussion
==========

In contrast to the hypothesis, the differences in SJ height and lifting velocity between the groups did not reach statistical significance. The findings are consistent with comparable studies in which explosive features have improved following PT, albeit not differently between the training groups [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] . In contrast with comparable studies, however, the present findings revealed no difference between the outcomes following the training and the control condition. Several reasons may explain the lack of differences between the groups following PT interventions with OS and OL. Importantly, the present study and comparable investigations have included participants without PT experience [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] . Due to the novel training stimulus, it is possible that both groups achieved improvements in explosive parameters regardless of the external loads. Regarding the lack of difference between the training groups and the CON group, it is possible that the outside activities performed by the CON group or a learning effect from the pre-test produced non-significant improvements in SJ height and lifting velocity that were not different from those achieved following the intervention.

Although the external load for the two-legged CMJ during the second half of the training period was approximately 45% of the participants' mean BM (30 kg), the results were comparable to those observed following lower loads (30% of BM) [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] . This observation supports the findings of Behm and Sale [@R10-2019-0136-0019] , who concluded that the intended training velocity might determine the velocity-specific adaptations, regardless of the achieved velocity in training as dictated by the external load. As the participants were instructed to execute the PT with maximal velocity, the difference in external loads might not have been sufficient to produce different changes in lifting velocity and SJ height. Furthermore, some evidence has suggested that the individual force-velocity profile during jumping dictates which training method is more suited for improving jump height and power output [@R10-2019-0136-0009] . As the group allocation in the present study was randomized, differences in training responses within the training groups may have equalized the training outcomes through large inter-individual variations.

In contrast to the hypothesis, the OS stimulus did not produce higher lifting velocities than the OL training or the control condition. Training with an overspeed stimulus likely made it difficult to develop higher velocity when testing with an extra load. In fact, the observed effect sizes for the OL group (0.91--1.95) were considerably larger than those observed following the OS training (0.36--0.55) and the control condition (0.18--0.62). Interestingly, the effect sizes for the changes in V ~peak~ and V ~avg~ for the OL group increased with decreasing loads, possibly suggesting more meaningful improvement at the load closest to the training load. Because this test only included loading beyond BM, the OL training was likely more specific toward this test [@R10-2019-0136-0020] . For example, Markovic et al. [@R10-2019-0136-0007] found differences for jumping velocity between OS and OL only when testing with loads lighter than BM (--0.3 BM). In contrast to the findings of Markovic et al. [@R10-2019-0136-0007] , however, the current findings suggest that the OS stimulus is also able to improve lifting velocity using external loads. Importantly, Markovic et al. [@R10-2019-0136-0007] recorded velocity during the concentric phase of CMJ, whereas the present study measured the lifting velocity during concentric back squats. It is possible that changes in movement pattern and utilization of the stretch-shortening cycle are more load-specific, whereas muscular changes are more transferrable across the load spectrum.

To the authors' knowledge, the present study was the first to measure changes in MT after PT with OS or OL. Although both training groups increased MT, the changes were not different between the three groups. The lack of difference from the CON group could be attributed to the relatively low training volume and minor loads used in the intervention. Albeit none of the groups reported changing their outside physical activity, it is possible that the 1.5 h of weekly leg strength training produced a non-significant increase in MT in the CON group after eight weeks. Inter-individual differences in outside activity volume could also have affected the results. Regarding the similar results between the training groups, one potential reason could be that the muscle fiber type with the largest potential for hypertrophy (type II) is utilized in both forceful (OL) and rapid (OS) contractions [@R10-2019-0136-0021] . Contrastingly, Bogdanis et al. [@R10-2019-0136-0022] observed no change in fiber type distribution following increased cross-sectional area after a period of high-velocity eccentric training. The increased MT might have suggested that the improvements in SJ height and lifting velocity were mediated partly by morphological changes. However, architectural changes or electromyography were not measured but should be included in future studies.

Although the present findings may provide additional knowledge about OL and OS training, potential limitations of the study should be considered. First, only resistance-trained females without experience with PT were recruited. The results, therefore, may lack generalizability to other populations. Furthermore, unloading the BM in OS training reduces the total training volume. Therefore, the OS group should possibly have performed more sets to compensate for the lower training load. However, owing to individual BM and leg strength, the relative intensity would have been nearly impossible to control. Because this study aimed to compare training methods with only the external load as the independent variable, changing other factors (e. g., workout duration and number of sets) would complicate the findings. Finally, physical activity or training outside the PT intervention was controlled but not restricted. The self-reported activity level did not differ between the groups, nor did the activity level or type of activities change from pre- to post-test. However, it is possible that the CON group maintained a higher outside activity level than the training groups that was not reported, thereby achieving some non-significant improvements in SJ height and lifting velocity.

Explosive features of the leg extensors are critical factors for performance in several sports. Limited literature exists on PT with OS or OL, and the literature that does exist has not been able to identify clear differences between the training outcomes [@R10-2019-0136-0005] [@R10-2019-0136-0006] [@R10-2019-0136-0007] . The current findings suggested that higher lifting velocities at positive loads might be achievable following a plyometric training program with either an overspeed or an overload stimulus, whereas no effect for squat jump height could be identified. A novel finding of the present study was that both training modalities also increased MT similarly across groups. However, none of the tested variables increased more in the training groups compared to the control condition. Future research should examine the effects of PT with greater differences between the loads in the OS and OL groups over a longer period. Including a population with PT experience and a larger sample size could also detect distinct differences between the two training methods.
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